Abstract. As a novel reactive oxygen species (ROS) scavenger, deuterohemin His peptide-6 (DhHP-6) has been demonstrated to prolong the lifespan of Caenorhabditis elegans and has also exhibited protective effects in myocardial ischemia-reperfusion injury. Whether similar effects occur during cerebral ischemia-reperfusion (CIR) injury remains to be elucidated. The present study evaluated the function of DhHP-6 and its underlying mechanisms in a middle cerebral artery occlusion (MCAO) model in rats. The focal transient MCAO model was implemented using the Longa method of ischemia for 2 h followed by reperfusion for 22 h in male Wistar rats. DhHP-6 was administered at the onset of reperfusion via intraperitoneal injection. The infarct volume, brain edema, brain apoptosis and neurological function were evaluated 24 h following stroke. To further determine the role of DhHP-6 in CIR injury, the levels of ROS and malondialdehyde (MDA), the activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px), and the protein expression levels of B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax), cleaved caspase-3, cytochrome c, Bcl-2 and phosphorylated-Akt/Akt were measured in ischemic cortex tissues. The results demonstrated that DhHP-6 significantly improved infarct volume, brain edema and neurological deficits, and reduced the percentage of TUNEL-positive cells. The levels of ROS and MDA were decreased, whereas no significant changes in the activities of SOD, CAT and GSH-Px were observed. The levels of Bax, cleaved caspase-3, and cytochrome c were downregulated, whereas the levels of Bcl-2 and p-Akt/Akt were upregulated. The results of the present study indicated that DhHP-6 may offer therapeutic potential for cerebral ischemia. The neuroprotective effects of DhHP-6 maybe mediated by its anti-oxidative properties, anti-apoptotic activities, or activation of the phosphoinositide 3-kinase/Akt survival pathway.
Introduction
Cerebrovascular disorders are the third leading cause of mortality worldwide, and the majority of affected patients exhibit cerebral ischemia (1) . The recovery of blood flow to injured tissue has been demonstrated to be the most effective therapeutic strategy to relieve the clinical symptoms of cerebral ischemia, however, cerebral ischemia-reperfusion (CIR) injury can occur, which is a more serious clinical outcome. CIR injury presents a major medical challenge and requires extensive investigation, as there are currently few neuroprotective treatments (2, 3) .
Increasing evidence shows that oxidative stress is crucial in facilitating neuronal death during CIR. During CIR injury, abnormal mitochondrial activity produces high concentrations of reactive oxygen species (ROS), and leads to cell damage and eventual apoptosis or necrosis (4) . Therefore, scavenging ROS may improve the outcomes of CIR injury in humans. Although several agents, including certain peptides and proteins, have shown promising in vitro activities, disadvantages, including hydrophobicity, antigenicity and large molecular size, impede the delivery of these substances to brain tissues and thereby limit their therapeutic benefits (5, 6) .
Deuterohemin His peptide-6 (DhHP-6; Dh-β-AHTVEK-NH2), is a novel microperoxidase mimetic with a molecular weight of 1,230 Da. It has been demonstrated that DhHP-6 can enter cells and can exhibit high enzyme-activity to scavenge free radicals effectively (7, 8) . Furthermore, DhHP-6 has been observed to increase survival rates in Caenorhabditis elegans by promoting the elimination of oxidative stress (9, 10) . The protective effects of DhHP-6 as a scavenger of ROS have also been observed in myocardial ischemia-reperfusion injury. The authors have observed that DhHP-6 also protects PC12 The aim of the present study was to investigate the function of DhHP-6 and its underlying mechanisms using a CIR rat model. Animals. Male Wistar rats (6-8 weeks of age; 250-280 g) were obtained from the Center of Laboratory Animal Science of Jilin University. The rats were maintained in an animal house at a temperature of 22±2˚C in a 12-h light/dark cycle. The animals were provided with food and water ad libitum. The protocol used in the present study strictly adhered to the rules of the Jilin University Animal Care and Use Committee for all procedures and followed the guidelines outlined in the Principles of Laboratory Nursing of Animals (11) .
DhHP-6 attenuates cerebral ischemia-reperfusion injury in rats through the inhibition of apoptosis

Materials and methods
Materials
Experimental groups and drug administration. A total of 80 male rats were used in the present study. The rats were divided equally into two groups. One group was used to measure neurological deficits and infarct area, and the other group was used to evaluate ROS levels, MDA content, and activities of CAT, SOD and GSH-Px. This group was also used for performing TUNEL staining and western blot analysis. In each group, 40 rats were randomly separated into four subgroups (n=10): Sham-operated group (Sham), ischemia-reperfusion group (I/R), I/R+DhHP-6 (1 mg/kg) group (I/R+DH) and I/R+DhHP-6 (0.1 mg/kg) group (I/R+DL). DhHP-6 was administered intraperitoneally at the onset of reperfusion and it was only given once. The animals in the sham and I/R groups were treated with saline in parallel.
Establishment of focal cerebral ischemia-reperfusion.
The occlusion and reperfusion model of the middle cerebral artery (MCA) in rats was performed using the Longa method, which has been described previously (12) . In brief, 20% urethane (5 ml/kg) was used to anesthetize the animals. The left common carotid artery, the internal carotid artery (ICA) and the external carotid artery were carefully exposed. A 3-0 monofilament nylon suture was inserted into the left ICA, which was inserted ~18.0 mm from the carotid artery bifurcation to obstruct the MCA. At 2 h post-MCAO, reperfusion was performed by withdrawal of the nylon suture. During surgery, the rectal temperature of the animals was maintained at 37.0±0.5˚C. The animals in the sham group underwent the same surgical procedure as those in the other animal groups, but did not receive the nylon suture.
Neurological deficit assessment. Behavioral tests were performed 24 h following MCAO by two investigators who were blinded to the experimental groups. The scoring system was as follows: 0, no manifestation of neurological dysfunction; 1, failure to fully stretch the forepaw contralateral to the injured side, and failure to stretch and turn the trunk towards the injured side when held by the tail; 2, spinning motion toward the uninjured side; 3, failure to bear weight on the injured side; and 4, inability to walk normally. When the neurological deficit scores were higher, the disorders in exercise behavior were more severe (13, 14) .
Evaluation of infarct area. The brains of the rats anesthetized with 20% urethane (5 ml/kg i.p.) were removed and immediately placed on a frozen surface for 5 min. Each brain was then cut into five 2-mm-thick coronal slices and stained at 37˚C for 30 min in 2% triphenyltetrazolium chloride (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Infarct volume was detected using image analysis software (Image Pro plus 6.0 system; Media Cybernetics, Inc., Rockville, MD, USA). To avoid data errors caused by brain edema, the following formula was used to evaluate infarct area: Infarct volume (%) = (contralateral volume -ipsilateral non-infarct volume)/contralateral volume.
Assessment of brain edema. The wet-dry method was used to assess brain edema. Briefly, fresh tissue was weighed immediately following isolation (termed wet weight). The tissues were then dried at 100˚C in the oven for 24 h, followed by weighing again (termed dry weight). The percentage of brain water content was evaluated using the following formula: Brain water content (%) = (wet weight -dry weight)/wet weight x 100% (1).
Evaluation of ROS levels in the brain. The tissue samples from the ischemic cerebral cortex were homogenized in cold isolation buffer containing 0.25 M sucrose, 10 mM Tris-HCl, 0.5 M EDTA and 250 µg/ml BSA (pH 7.1). The cell fragments and nuclei were centrifuged at 4,000 x g for 3 min at 4˚C and then at 1,000 x g for 5 min at 4˚C. The supernatants were then centrifuged again for 15 min at 10,000 x g at 4˚C. Mitochondria were suspended in the isolation buffer. Mitochondria isolated from different groups (0.5 mg protein, measured with biocinchoninic acid protein assay kit) were incubated with 10 µM DCFH-DA (Beyotime Institute of Biotechnology, Shanghai, China) at 37˚C for 15 min in the dark. The levels of intracellular ROS were evaluated using flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) at an emission wavelength of 525 nm and an excitation wavelength of 488 nm (15, 16) .
Measurement of MDA content and activities of SOD, CAT
and GSH-Px. Tissue samples of the ischemic cortex were homogenized in ice-cold saline and then centrifuged at 2,000 x g for 15 min at 4˚C to obtain 10% homogenates. The concentration of MDA was determined using an assay kit (Jiancheng Biotechnology Institute, Nanjing, China) according to the manufacturer's protocol. The activities of CAT, SOD and GSH-Px were also determined using kits (Jiancheng Biotechnology Institute). The protein concentrations were evaluated using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc., Walham, MA, USA).
TUNEL staining. TUNEL-staining was performed using an in situ apoptosis detection kit (Maixin Biotechnology, Fuzhou, China) according to the manufacturer's protocol. The tissue sections were incubated with proteinase K (20 µg/ml) for 15 min and 0.3% H 2 O 2 for 30 min at 37˚C. The sections were then treated with terminal deoxyribonucleotidy ltransferase enzyme at 37˚C for 1 h and peroxidase-conjugated antibody for at 37˚C for 30 min. To terminate the reaction, the sections were incubated in a reaction termination buffer for 5 min at room temperature. The sections were visualized following staining with diaminobenzidinete trahydrochloride. Apoptotic cells exhibited brown particles in the nuclei. A total of five visual fields in the cerebral cortex were analyzed from each section. TUNEL-positive cells were counted using an optical microscope (Nikon Ti; Nikon Corporation, Tokyo, Japan). Western blot analysis. Protein samples were prepared from the ischemic cortex by homogenization in ice-cold lysate buffer (Beyotime Institute of Biotechnology). The mitochondrial and cytosolic proteins were prepared as previously described (18) .
To detect the expression of Bax, cytochrome c and Bcl-2, the mitochondrial and cytosolic protein extracts were evaluated independently. The expression of cleaved caspase-3 was detected using the total protein lysates. The total protein samples (60 µg) were separated on 12% SDS polyacrylamide gels and were transferred onto polyvinylidenedifluoride membranes. The membranes were blocked with 5% BSA for 2 h at room temperature, and then were incubated overnight at 4˚C with rabbit polyclonal antibodies Bcl-2 (1:1,000), Bax (1:1,000), cytochrome c (1:1,000), cleaved caspase-3 (1:500) and p-Akt (1:500) antibodies, (all from Santa Cruz Biotechnology, Inc.). The membranes were then incubated with secondary antibody (goat anti-rabbit; 1:1,000; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. The immunoreactive bands were visualized using enhanced chemiluminescence. Images of the protein bands were captured using an imaging densitometer and were quantified using image analysis software (Quantity One; version 4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The protein values were normalized to those of β-actin in the same lane.
Statistical analysis.
All values are presented as the mean ± standard deviation. Significant differences between groups were performed using one-way analysis of variance followed by the Tukey's post hoc test. GraphPad Prism statistical software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
DhHP-6 reduces infarct volume.
MCAO produced a well-defined infarct, which included the cortex and striatum ( Fig. 1A and B) . In the I/R group, 2 h of cerebral ischemia and 22 h of reperfusion caused infarction, which involved 35.28±4.13% of the ipsilateral cerebral hemisphere. The infarct volume in the I/R+DH group was significantly reduced to 23.56±3.47% (P<0.05). The I/R+DL group also exhibited a reduced infarct volume, however, this was not a significant difference (P>0.05).
DhHP-6 decreases neurological dysfunction. Neurological symptoms were evaluated 22 h following reperfusion (Fig. 1C) .
Normal reflexes were present in all animals in the sham group (score 0), where as animals in the I/R group presented with severe neurological deficits (2.34±0.15; P<0.001). Compared with the I/R group, the neurological deficit scores were markedly reduced to 1.57±0.28 in the I/R+DH group (P<0.05), but did not differ significantly from those in the I/R+DL group (P>0.05).
DhHP-6 decreases brain edema. As shown in Fig. 1D , MCAO led to an increase in brain water content in the right hemisphere of the I/R group, however, the level of brain water content was significantly reduced in the I/R+DH group (P<0.05) in comparison.
DhHP-6 reduces the oxidative stress caused by MCAO.
DhHP-6 acts as a free radical scavenger (9) . Therefore, the present study aimed to determine whether the levels of free radicals and oxidative stress were reduced by DhHP-6 treatment following I/R. To evaluate this, the levels of ROS and MDA, which is a lipid peroxidation product caused by oxidative stress, were examined. The activities of antioxidant enzymes, including CAT, SOD and GSH-Px, were also measured. The ROS level was determined as the percentage of fluorescence intensity, compared with that in the sham group (Fig. 2A) . The mitochondrial DCF fluorescence of the I/R group exceeded that of the shamgroup (P<0.01). The levels of ROS in the mitochondria were decrease by 21.34% in the I/R+DH group. Compared with the I/R group, the I/R+DH group showed a significant decrease in mitochondrial ROS (P<0.05).
As exhibited in Fig. 2B , I/R increased the formation of MDA. Compared with the level in the I/R group, MDA was significantly reduced to 5.40±0.96 nmol/mg (P<0.05) in the I/R+DH group.
As demonstrated in Table I , CIR injury resulted in a significant decrease in the activities of CAT, GSH-Px and SOD. Treatment with DhHP-6 appeared to elevate the activities of these antioxidant enzymes; however, no significant differences were observed between the I/R group and the DhHP-6 treatment group (P>0.05).
Together, these data indicated that DhHP-6 reduced oxidative stress, however, the effect was not mediated by enhancing the activities of endogenous CAT, GSH-Px or SOD antioxidant enzymes.
To examine the effects of DhHP-6 on apoptosis, apoptotic cells were identified using TUNEL staining in the parietal cortex 24 h post-MCAO. There were few TUNEL-positive nuclei in the brain sections from animals in the sham group; however, the number of TUNEL-positive cells was significantly increased in the I/R group. DhHP-6 prevented the increase in TUNEL-positive cells. As shown in Fig. 3A and B, the proportion of TUNEL-positive cells was significantly reduced from 73.5±6.09% in the I/R group to 52.83±5.89% in the I/R+DH group (P<0.05).
DhHP-6 increases the Bcl-2/Bax ratio.
Bcl-2 is a key mitochondrial protein, which contributes to cell survival. In the present study, the levels of Bcl-2 were reduced in the I/R group, compared with those in the sham group 24 h post-MCAO (Fig. 4) . However, the important apoptotic protein, Bax, was increased significantly in the I/R group. The ratio of Bcl-2/Bax was decreased significantly following I/R (P<0.001), however, there was an increase in the Bcl-2/Bax ratio when DhHP-6 was administered at a dose of 1 mg/kg (P<0.05). These data indicated that maintaining the balance between Bcl-2 and Bax was dependent on DhHP-6. Fig. 5A , in the I/R group, an increased level of cytochrome c was released into the cytoplasm from the mitochondria, and this effect was significantly reduced by treatment with DhHP-6 (P<0.05). The levels of cleaved caspase-3 were also investigated. DhHP-6 reduced the expression of cleaved caspase-3. These effects were significant in the I/R+DH group (P<0.05; Fig. 5B ). Fig. 6 , compared with the I/R group, treatment with DhHP-6 (1 mg/kg) led to a significant increase in the expression of p-Akt/Akt (P<0.05).
DhHP-6 inhibits the activation of caspase-3 and release of cytochrome c. As demonstrated in
DhHP-6 increases the expression of p-Akt/Akt. As demonstrated in
Discussion
In the present study, the function of DhHP-6 in focal CIR injury was investigated in a rat model. The administration of DhHP-6 at 1 mg/kg was sufficient to reduce neurological deficits, brain edema and infarct volumes; however, a dose of 0.1 mg/kg did not exert protective effects. These data indicated that the beneficial effects of DhHP-6 occur in a dose-dependent manner and also suggested that the effective dose may be between 1 and 0.1 mg/kg. These results indicate a potential novel application for DhHP-6 as a potent neuroprotectant in cerebral ischemic disorder (19, 20) .
During I/R, ROS generation is enhanced and antioxidant defenses in brain tissues are weakened; therefore, an imbalance between oxidants and antioxidants occurs. The brain isvulnerable to oxidative stress as it contains high levels of unsaturated fatty acids, which can be oxidized leading to lipid peroxidation (21, 22) . ROS are produced primarily by mitochondria and are generated in I/R injury. DhHP-6 is a novel free radical scavenger and is synthesized as a microperoxidase mimetic. It was previously demonstrated that DhHP-6 produces antioxidant effects in Caenorhabditis elegans (9) . Another study showed that DhHP-6 treatment caused complete reduction in reactive oxygen (10) . In the present study, the levels of ROS in mitochondria were markedly increased following I/R injury, and this increase was significantly attenuated by DhHP-6 treatment. It was shown that oxidative injury to cell membrane lipids was caused by free radicals, which can produce MDA. .05, vs. I/R group (n=3). DhHP-6, deuterohemin His peptide-6; DH, 1 mg/kg/day DhHP-6; DL, 0.1 mg/kg/day DhHP-6; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.
The level of MDA in the I/R group was 2.18-fold higher, compared with that of the sham group and was decreased significantly in the DhHP-6 group (Table I ). The human body has different mechanisms to decrease the impact of oxidative injury. The primary defenses against oxidative injury are antioxidant enzymes, including GSH-Px, SOD and CAT. However, the antioxidant effects of DhHP-6 in the present study were not mediated through increasing the activities of endogenous GSH-Px, SOD or CAT enzymes (Table I) (22, 23) .
The uncontrolled accumulation of ROS can disturb mitochondrial function and lead to cell apoptosis. Mitochondria are important in caspase-dependent and caspase-independent apoptotic processes. Mitochondria can induce the opening of the mitochondrial permeability transition pore and thereby lead to the release of cytochrome c. The Bcl-2 family of proteins, which are expressed on outer mitochondrial membranes, are also critical in mitochondria-mediated apoptosis (24) . In the present study, Bax was identified in cytosolic brain tissue extracts. When Bax is activated, it translocates to mitochondria, where it then stimulates mitochondria to release cytochrome c. Bcl-2 can inhibit the activation of Bax (25,26), however, the present study showed that significantly higher levels of Bax were expressed in the mitochondria of rat brains subjected to MCAO; this effect was attenuated by treatment with DhHP-6. Therefore, DhHP-6 inhibited the release of cytochrome c andinhibited apoptosis by ameliorating the CIR-induced degradation of the Bcl-2/Bax ratio, and by retaining the normal balance between Bcl-2 and Bax. In the present study, it was also observed that TUNEL-positive cells increased in the cortex 10-fold following 22 h of brain reperfusion. This increase was significantly reduced in the I/R+DH group. Therefore, these results indicated that DhHP-6 inhibited the mitochondria-initiated apoptotic pathway and thereby improved neuronal survival (27, 28) .
The activation of phosphoinositide 3-kinase (PI3K) and its downstream factor, Akt has been demonstrated to prevent apoptosis and promote cell survival. Increasing evidence has indicated that ROS-induced apoptosis correlates with the PI3K/Akt pathway in SH-SY5Y cells (29) . In focal CIR injury models, p-Akt is usually dephosphorylated at Ser473. It has been demonstrated that, following activation, Akt can promote cell survival and subsequently inactivate apoptosis-inducing factors, including GSK3β (30) . A previous study also demonstrated that GSK3β exerts its pro-apoptotic effects by regulating Bax localization to mitochondria (31, 32) . The results of the present study indicated thatDhHP-6 markedly enhanced the phosphorylation of Akt in rats following 2 h of MCAO and 22 h of reperfusion, compared with the results observed for the I/R group.
Taken together, the findings of the present study demonstrated that DhHP-6 reduced the levels of brain edema, infarct volumes and neurological deficits in CIR. The protective mechanisms of DhHP-6 in CIR injury included scavenging of radicals and inhibiting the mitochondrial apoptotic-signaling pathway, which may involve activation of the PI3K/Akt signaling pathway. Therefore, the beneficial effects of DhHP-6 on CIR investigated in the present study indicated that DhHP-6 may be a promising therapeutic candidate for protecting against cell death resulting from ischemic damage.
